Interfacial adhesion between graphene and various substrate materials is essential for practical applications of graphene. To date, most of the studies on adhesion of graphene have assumed dry adhesion of van der Waals type. In this paper, we conduct molecular dynamics simulations to study the traction-separation behaviors for wet adhesion of graphene on amorphous silicon oxide covered by a thin layer of water. Three stages of the traction-separation relations are identified and they are analyzed by simple, approximate continuum models. The work of separation is found to be close to the theoretical value dictated by the interaction potential between graphene and water. The maximum traction is found to be set by the critical stress for cavitation at the water/graphene interface. With morphological evolution of water from cavitation to capillary bridging, the range of interaction extends to about 3 nm before complete separation of graphene. Compared to van der Waals interactions for dry adhesion of graphene, the work of separation for wet adhesion is smaller, the maximum traction is lower, but the interaction range is longer. It is noted that the properties of wet adhesion depend sensitively on the graphene-water interactions, which may vary considerably from hydrophobic to hydrophilic interactions.
Introduction
As an extremely thin crystal membrane, graphene has been studied extensively over the last decade for its physical properties and potential applications. In particular, the interfacial adhesion between graphene and various substrate materials is essential for the manufacture and integration of graphene [1] [2] [3] [4] . To date, most of the studies on adhesion of graphene have assumed dry adhesion of van der Waals type [5] [6] [7] [8] [9] . However, measurements of the adhesion energy of graphene are often performed in ambient conditions [10] [11] [12] [13] [14] [15] , not in high vacuum. The results are likely influenced by the presence of water at the interfaces, depending on relative humidity of the environment. In the case of wet-transferred graphene [1, 15] , both the graphene membrane and its substrate are directly exposed * Corresponding author.
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to liquid water during fabrication. A recent experimental study reported ultra-long-range interactions between wet-transferred graphene and a silicon substrate [15] , calling for further studies on other mechanisms of interfacial adhesion of graphene. This paper presents the first study on wet adhesion of graphene. We consider a relatively simple system with a pristine graphene monolayer on an amorphous silicon oxide (a-SiO 2 ) substrate, where a thin layer of water is sandwiched in between (see Fig. 1 ).
Previous studies [16] [17] [18] have shown that the silanol groups on SiO 2 surfaces are sensitive to the adsorption of water molecules (H 2 O). Lee et al. [19] showed that water could diffuse between monolayer graphene and SiO 2 substrates under high humidity conditions. The water diffusion results in the formation of a double ice-like water layer, which is quite stable, even under ambient conditions. Additional highly mobile and volatile liquid phase water can further diffuse between graphene and the ice-like layer on the SiO 2 substrate. On the other hand, graphene is generally considered to be hydrophobic, with ), O (red), H (white), and C (green and pink). The pink C atoms are fixed during relaxation. During separation, the pink C atoms are pulled upwards with increasing displacement, while the atoms in the lower half of the a-SiO 2 substrate are fixed. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) a contact angle of ∼90° [20] [21] [22] [23] [24] , although some recent studies have found that the contact angle of water on graphene could vary over a wide range, depending on airborne contamination [25, 26] , defects [21] , roughness [27] , and the substrate on which it has been deposited [28, 29] . In principle, the contact angle can be related to the interactions between graphene and water. In this paper we adopt a model assuming hydrophobic interactions with a contact angle of ∼90°for graphene. Molecular dynamics (MD) simulations are conducted to investigate the separation process with a sequence of morphological transitions of water between graphene and a-SiO 2 substrate. Approximate continuum analyses are developed to help understand the MD results. Section 2 presents the model and method for MD simulations. The results are discussed in Section 3, followed by a summary in Section 4.
MD model and method
All MD simulations in this study are performed with LAMMPS [30] in NVT ensemble at 300 K using the Nose-Hoover thermostat with an integration time step of 1 fs. As shown in Fig. 1 , the MD model includes a monolayer graphene sheet and an a-SiO 2 substrate. Initially, a box of water molecules is placed between a-SiO 2 and graphene ( Fig. 1(a) ). The system is then relaxed at 300 K, while two edges of the graphene (colored in pink) are fixed. During relaxation, the water molecules spread out on the surface of a-SiO 2 and the substrate is pulled up towards graphene. After a sufficiently long time, the system reaches an equilibrium state, with a continuous water film between graphene and a-SiO 2 , as shown in Fig. 1(b) . Periodic boundary conditions are applied in all three directions. The in-plane dimensions of the periodic box are set by the graphene sheet in its ground state (about 10 nm by 10 nm), while the a-SiO 2 substrate is subjected to a small biaxial strain (∼0.3%) to accommodate the mismatch with graphene. The a-SiO 2 substrate is about 2 nm thick, and the thickness of the water film is varied from 1 to 4 nm by changing the number of water molecules; this thickness range is chosen to illustrate three different behaviors. The height of the periodic box is much larger (40 nm) to prevent interactions between periodic images in the thickness direction.
Simulations of the separation processes are conducted by increasing the prescribed displacement in the normal direction for the carbon (C) atoms along the two clamped edges of the graphene, while the atoms in the lower half of the a-SiO 2 substrate are fixed. The displacement is applied stepwise, with an increase of 0.1 Å at each step followed by relaxation for 1 ns (10 6 time steps). At each separation displacement, we compute the total interaction force between graphene and the substrate (including water), with which the average traction is obtained as a function of the displacement:
where A is the area of the undeformed graphene sheet, d
is the prescribed edge displacement, and ⟨F (d)⟩ t denotes the time average of the total force as a function of d. Using this molecular model, we study the traction-separation relation for wet adhesion of graphene and associated mechanisms.
The MD simulations employ a set of empirical force fields. The second-generation reactive empirical bondorder potential (REBO) is used to describe the C-C interactions in graphene [31] . Previous studies [32] [33] [34] [35] [36] have shown that the REBO potential provides reasonable predictions of the mechanical properties of monolayer graphene. For the a-SiO 2 substrate, we use the Tersoff potential [37] , with a parameter set developed by Munetoh et al. [38] for the Si-O systems. The Tersoff potential is computationally efficient and predicts accurate mechanical properties of SiO 2 in comparison with ab initio calculations and experimental data [38] . The water molecules are described by the extended simple point charge (SPC/E) model [39] , characterized by three point masses with the O-H bond distance of 0.1 nm and H-O-H bond angle equal to 109.47°. The constraints on the bond length and bond angle within each water molecule are enforced through the SHAKE algorithm [40] . The interatomic potential energy for water is given by:
where i and j are indices for either O or H atoms of water, r ij is the interatomic distance, and k e is the electrostatic con- [39] ; the longer cut-off distance for the electrostatic interactions may be justified by noting the slower decay with increasing interatomic distance. The long-range electrostatic interactions are computed by using the particle-particle particle-mesh (PPPM) algorithm [41] as implemented in LAMMPS. The mechanical property of water is essential for the present study. It is often assumed in theoretical analyses that water in its liquid phase is incompressible. However, measurements have found that the bulk modulus of liquid water is about 2.2 GPa [42] . Using the SPC/E model for water, we perform MD simulations of water under hydrostatic tension at 300 K. In our calculation, a box of water molecules with periodic boundary conditions is subjected to an increasing volumetric strain (stepwise loading with displacement in all three directions, followed by relaxation at each step), and the virial stress is calculated as a function of the volumetric strain. As shown in Fig. 2 , the average stress (hydrostatic tension) in water first increases with the volumetric strain, giving an initial bulk modulus of 2.07 GPa, close to the measured value. Moreover, the hydrostatic tension increases nonlinearly and reaches a maximum of 142.2 MPa, beyond which the stress drops with increasing strain. The maximum hydrostatic tension is associated with onset of cavitation in water and weakly depends on the size of the computational box. The critical stress for cavitation in water has been previously reported as ranging from 100 to 200 MPa at room temperature [43] [44] [45] . Therefore, the SPC/E model captures the mechanical behavior of water reasonably well.
In addition to the force fields for graphene, a-SiO 2 and water, interfacial force fields are needed to describe the interactions among them. First-principle calculations [9, 46] have shown that the interactions between graphene and water is dominated by dispersion interactions. Based on the contact angle and the water monomer binding energy on graphite, Werder et al. [47] calibrated a set of parameters for the LJ potential interacting between the oxygen atoms of water and the carbon atoms; the interactions between the hydrogen atoms of water and the carbon atoms were ignored. The LJ potential function takes the same form as the first term on the right-hand side of Eq. (2), with fitted parameters δ CO = 0.319 nm and ε CO = 4.07 meV. These parameters lead to a theoretical adhesion energy of 60.0 mJ/m 2 between water and graphene, with an equilibrium separation of 0.274 nm [48] . Using this interaction potential along with the SPC/E model for water, we performed an MD simulation to determine the contact angle of a water droplet on graphene. As shown in Fig. 3 , a box of water molecules relax to form a hemispherical droplet on graphene, with a contact angle of about 90°. Different contact angles may be obtained by modifying the fitted parameters (δ CO and ε CO ), which is left for future studies.
The force field developed by Cruz-Chu et al. [49] is adopted for water-SiO 2 interaction, which includes both electrostatic and van der Waals forces. Similar to the potential function in Eq. (2), the LJ parameters for the Si-O and O-O interactions are: δ SiO = 0.347 nm, ε SiO = 2.30 meV, δ OO = 0.382 nm, and ε OO = 1.63 meV, while the H atoms are ignored. The charges for the Si and O atoms in SiO 2 are set to be 1 and −0.5 e, respectively. These parameters are chosen so that the surface of a-SiO 2 is superhydrophilic with a contact angle of almost 0°. However, as observed in previous studies [49, 50] , the water-SiO 2 interactions could be much more complicated, requiring empirical parameters to account for other surface characteristics of SiO 2 , which are beyond the scope of the present study.
Finally, the interaction between graphene and a-SiO 2 (without water) is assumed to be primarily due to van der Waals forces. According to the previous studies [9, 51, 52] , the range of the van der Waals forces between graphene and a-SiO 2 is about 1 nm, beyond which the interaction is negligible. For computational efficiency and based on the fact that the thickness of the water layer considered in this study is equal to or greater than 1 nm, the van der Waals forces between graphene and a-SiO 2 were not included in the MD simulations.
The a-SiO 2 substrate in the MD simulations is obtained by a melt-quench-relaxation procedure, following the recipe of Litton and Garofalini [53] . We start by replicating the unit cell of alpha-quartz to construct a crystalline model of SiO 2 and then raise the temperature to 10,000 K to melt the crystal and form liquid SiO 2 . Next, by quenching the liquid to 300 K through intermediate temperatures, we obtain a solid block of a-SiO 2 . In order to create a free surface for the a-SiO 2 substrate, we immobilize the atoms at the bottom of the block and remove the periodic boundary condition in the normal direction of the surface. Finally, the system is relaxed consecutively at 2000, 1000, and 300 K (10 ps at each temperature). This procedure generates an a-SiO 2 substrate with a macroscopically smooth surface. We note that more realistic surface structures of the aSiO 2 substrate could be generated for MD simulations [54] , including the surface roughness, but this is left for future studies.
Results and discussion
The traction-separation relations (σ -d) obtained from MD simulations are shown in Fig. 4(a) -(c) for three different water layer thicknesses. In each case, as the graphene is separated from the substrate, the water layer evolves from a continuous film to capillary bridges of different types, depending on the initial thickness of the water layer. The average traction first increases with increasing separation and then decreases. Eventually, the capillary bridge breaks up and the traction drops to zero. The area underneath the traction-separation curve gives the work of separation (per unit area), which may be different from the work of adhesion for the case of 'wet' adhesion due to possible hysteresis [55] . The work of separation is found to be 62.7, 70.7, and 66.9 mJ/m 2 , respectively, for the three cases in Fig. 4 . These values are close to the theoretical value (60.0 mJ/m 2 ) dictated by the interaction potential between graphene and water. While the interaction potential itself is short-ranged (less than 1 nm with an equilibrium separation at 0.274 nm [48] ), the morphological evolution of water in the MD simulations results in interactions over a relatively long range (up to 3 nm). Meanwhile, the maximum traction is relatively low (about 90 MPa). Notably, the work of separation is considerably smaller than the adhesion energy between graphene and dry SiO 2 (i.e. no water) by van der Waals interactions; the latter has been reported in the range of 0.1-0.45 J/m 2 [9] [10] [11] [12] . This may be understood as a result of the hydrophobicity of graphene in the present model, which has a weaker graphene-water interaction than the direct graphene-SiO 2 interaction. On the other hand, the range of van der Waals interactions is shorter (less than 1 nm) [9] . Therefore, the presence of a water layer could effectively increase the range of interactions between graphene and the substrate, but the range is still much shorter than that reported in [15] based on largescale experiments. Other effects such as surface roughness may have to be considered in future studies in order to close the gap.
In all three cases of Fig. 4(a) -(c), the traction-separation relations and the associated morphological evolution of water can be divided into three stages: (I) increasing traction with continuous water film (A-B), (II) decreasing traction with interfacial cavitation (B-D), and (III) decreasing traction with capillary bridging (D-G), as illustrated schematically in Fig. 4(d) . While the traction-separation relations are similar in the three cases, the morphological evolution of water (especially cavitation and bridging) depends on the initial thickness of the water layer, as observed in the MD simulations with three different thickness values (Fig. 4(a)-(c) ). In the following we discuss the three stages in detail with associated continuum analyses.
Stage I: Continuous water film
In the first stage of separation, the water remains a continuous film and undergoes a tensile deformation. Meanwhile, the graphene sheet deforms coherently as illustrated in Fig. 5(a) . The interaction between graphene and water pulls the water up and drags the graphene down, whereas the hydrophilic interaction between water and aSiO 2 keeps the water film attached to the substrate. The behavior of this stage can be analyzed approximately by a simple continuum model.
The graphene monolayer can be modeled approximately as a continuum plate [34] subject to a uniform normal traction σ with two clamped edges (Fig. 5(a) ). The total potential energy of graphene is:
where L is the length of the square graphene sheet, E 2D , v and D are in-plane Young's modulus, Poisson's ratio and bending modulus of graphene, w is the out-of-plane deflection and u is the in-plane displacement. The equilibrium deformation of graphene can be determined by minimizing the potential energy, leading to a set of nonlinear differential equations for w(x) and u(x). An approximate solution to the nonlinear problem takes the form [56] :
where a 1 , a 2 , b 1 and b 2 are the parameters to be determined. Substituting (4) into (3), the total potential energy for graphene is obtained as a function of the four parame- Next, we consider deformation of the water film. With the deflection profile of graphene, the volume change of water can be calculated as:
w(x; σ )dx.
On the other hand, the volume change of the water film can be related to the traction by its constitutive behavior:
where V 0 = L 2 h 0 and f (σ ) is a nonlinear function for the hydrostatic stress-strain relation of the water film. Note that, by force balance, the hydrostatic tension in water equals the average traction acting on graphene; this is true under the condition that the interactions between graphene and a-SiO 2 are negligible. By Eq. (6), the function f (σ ) can be obtained from MD simulations. It is found that f (σ ) depends on the initial thickness of the water film.
As shown in Fig. 6(a) , the stress-strain relation obtained from MD simulations is similar to the bulk water for a relatively thick water film (h 0 = 4 nm), but becomes more compliant for thinner water films. This may be attributed to the interfacial compliance between graphene and water, which becomes more important for thinner water films. By fitting the hydrostatic stress-strain curve in Fig. 6 (a) with a nonlinear function f (σ ) for each case and combining Eq.
(5)- (6), we obtain a traction-separation relation:
As shown in Fig. 6(b) , this relation compares closely with the MD simulations for the first stage up to the maximum traction (∼90 MPa). We note that the first term on the right-hand side of Eq. (7) depends on the initial thickness (h 0 ) of the water film. For a relatively thick water film (h 0 ≥ 4 nm), f (σ ) is given by the constitutive behavior of bulk water, independent of h 0 ; hence the separation d increases linearly with h 0 . For a thinner water film (h 0 < 4 nm), however, the dependence on the water thickness is more complicated since f (σ ) becomes thickness dependent. The second term on the right-hand side of Eq. (7) depends on the deformation of graphene, which also depends on the size of the graphene sheet (L). In general, we expect the separation to increase when the water thickness or the graphene sheet size increases in the first stage of separation. The end of Stage I is marked by the maximum traction (σ m ∼ 90 MPa) in the traction-separation relation. Similar to the hydrostatic stress-strain behavior of bulk water in Fig. 2 , the maximum traction is associated with cavitation of water. However, unlike the bulk water, cavitation of the water film occurs exclusively at the interface between water and graphene, due to relatively weak interactions across interface in the present model. As a result, the critical stress for cavitation is considerably lower for the water film than for bulk water (see Fig. 6(a) ). Moreover, the maximum traction due to interfacial cavitation is independent of the water thickness ( Fig. 6(b) ), which defines an interfacial strength for the wet adhesion (i.e., pull-out stress). We note that the magnitude of the maximum traction depends on the interactions between water and graphene, or equivalently, the hydrophobicity of graphene. On the other hand, the corresponding separation at the maximum traction depends on the initial water thickness (Fig. 6(b) ), which may be predicted by setting σ = σ m in Eq. (7). As discussed earlier, for relatively thick water films (h 0 ≥ 4 nm), this separation increases linearly with h 0 .
Stage II: cavitation growth
As observed in MD simulations, the growth of cavitation in the water film depends on the initial thickness h 0 . For a relatively thick water film (h 0 = 4 nm), the cavity is nearly hemispherical (Fig. 7(a)-(c) ), maintaining a 90°contact angle with graphene. The radius of the hemispherical cavity can be related to the surface tension of water (γ ) and the average traction (σ ) by force balance (Young-Laplace
As the cavity radius increases, the traction σ decreases. The initial radius of the cavity is set by the maximum traction: 
When R = L/2, the neighboring cavities come into contact and coalesce, entering the next stage. The transition however often occurs when the neighboring cavities are sufficiently close but before contacting. Apparently, the size of the periodic box is arbitrarily set in the MD simulations, with no physical significance. A more realistic scenario may be that multiple cavities are nucleated over a large area and they grow independently until coalescence. The phenomenon is thus more complicated, beyond the scope of the present study. Nevertheless, we focus on the traction-separation behavior due to cavitation growth assuming a fixed box size L. Neglecting the volume change of water as well as deformation of graphene, the separation d can be related to the radius of the hemispherical cavity, which combines with Eq. (8) to yield a simple traction-separation relation for Stage II:
where σ m ≥ σ ≥ σ II . Thus, the maximum separation in Stage II is:
We note that the simple scal-
, is a result of the constant volume assumption, without taking into account the thermodynamics of evaporation/condensation [57] . However, the effect of water volume change could be significant at high stresses.
For example, at σ = σ m , the volumetric strain of water is 5%-10% for the water films (Fig. 6(a) ). Moreover, the deflection of the graphene monolayer could also be important in the present case. Without a detailed analysis of these effects, Eq. (10) serves as a rough estimate of the traction-separation relation in Stage II.
To compare with MD simulations, we take γ = 0.0608 N/m for the surface tension of water (discussed later). Fig. 7(d) Fig. 8(a)-(c) ). In this case, the cavitation growth can be analyzed approximately by assuming an axisymmetric cavity (see inset of Fig. 8(d) ), governed by a couple of nonlinear differential equations:
where σ w is the hydrostatic tension in water and the angle ϕ is a function of z with boundary conditions set by the contact angles: ϕ = 0 on the bottom surface (z = 0) and ϕ = π /2 on the top surface (z = h). The first equation in Eq. (11) is the Young-Laplace equation for the axisymmetric cavity, and the other equation is the geometric relation for the surface profile of the cavity, r(z). In addition, assuming no volume change of water, we have where h = h 0 + d. For a given water thickness (h 0 < R 0 ) and tension (σ w < σ m ), the surface profile r(z) and the corresponding separation d can be determined by an iterative procedure that numerically integrates Eq. (11) subject to the constraint in Eq. (12) . The average traction acting on graphene is then, σ = σ w
, where
is the radius of substrate exposure. Fig. 8(d) shows the surface profiles of the cavity at different traction levels for h 0 = 1 nm, and Fig. 8(e) shows the corresponding traction-separation relation. Starting at the maximum traction of 90 MPa, a through-thickness cavity is formed. As the cavity grows, the stress decreases and the separation increases until the radius of the cavity at the top reaches L/2 (5 nm) with a traction of 26.4 MPa. In comparison with MD simulations, the continuum analysis again qualitatively captures the traction-separation behavior in Stage II. However, the through-thickness cavity in the MD simulation does not take an axisymmetric shape in general, possibly due to the heterogeneous surface structures of the a-SiO 2 substrate. The MD simulation for the case with a water film of thickness h 0 = 2.5 nm shows yet another scenario of cavitation growth: a nearly hemispherical cavity forms first, which grows and reaches the bottom of the water film, exposing the substrate surface (see Fig. 9 ). Again, assuming no volume change of the water, when the hemispherical cavity reaches the substrate surface, we have
For R 0 ≤ R ≤ L/2, Eq. (13) can be satisfied only if
which defines a range of intermediate thickness for the water film. With R 0 = 1.35 nm and L = 10 nm, this range is between 1.35 and 2.66 nm. Indeed, the MD simulation with h 0 = 2.5 nm is in this range, whereas the case with h 0 = 4 nm (Fig. 7) is not and thus no substrate exposure. It may be expected that the corresponding traction-separation relation in this intermediate range lies in between of the previous two cases (i.e., hemispherical and throughthickness cavitation). For h 0 = 2.5 nm, a continuum analysis predicts a traction-separation relation very close to the case of hemispherical cavitation [48] . Similar to Fig. 7(e) , the continuum analysis qualitatively captures the traction-separation behavior in Stage II.
Stage III: Capillary bridging
Cavitation growth in Stage II eventually leads to coalescence of neighboring cavities and the formation of capillary bridges. As shown in Fig. 10 , by replicating the periodic box in the MD simulations, we see the morphological evolution of the capillary bridging in Stage III, from parallel ridges to circular islands. For the case of a thin water film (h 0 = 1 nm), the through-thickness cavities coalesce to form parallel ridges and islands with partially exposed substrate surface. For a relatively thick water film (h 0 = 4 nm), the ridges and islands form on top of a continuous water layer covering the substrate surface. For the case of an intermediate thickness (h 0 = 2.5 nm), the morphology is more complicated with an array of circular holes at the bottom of the water layer, along the ridges and in between of the circular islands. The morphological evolution of capillary bridging could influence the traction-separation behavior, although the MD results for the three cases in Fig. 4 are similar. It is possible to study the capillary bridging by numerical simulations based on continuum models [58, 59] . In the present study, we consider two simple models, one for parallel water ridges and the other for circular islands.
Bridging with water ridges
The water bridging morphology in Fig. 10 (e) can be described as parallel ridges on top of a blanket layer of water. Fig. 11 shows a cross-sectional view, where the side faces of the water ridge are approximately cylindrical with a radius R and the width of the ridge top is: b = L − 2R. The force balance requires that
With σ = 16.2 MPa, b = 2.5 nm and L = 10 nm in Fig. 11 , the surface tension of water can be determined by Eq.
(15), giving γ = 0.0608 N/m. This value is in reasonable agreement with the typical value for surface tension of water (∼0.07 N/m) and is used in all the continuum analyses of the present study for comparison with the MD simulations. Again, by assuming no change of the water volume and neglecting the deflection of graphene, the separation is obtained as a function of the traction as Since the traction in this stage is relatively low (<20 MPa), the effects of water volume change and graphene deflection are less significant so that the continuum model is fairly accurate. However, the parallel water ridges become unstable before the top width shrinks to zero, transitioning to water islands as shown in Fig. 10(f) . This transition is similar to break-up of a liquid jet as a result of the Rayleigh instability [60, 61] , but with additional complexity due to the water-graphene interactions in the present case.
For the case of a thin water film (e.g., h 0 = 1 nm), the parallel water ridges become isolated with exposed substrate surface in between ( Fig. 10(a) ). For such isolated ridges, the average traction is related to the radius of the side face as
where b = Lh 0 /R − (4 − π ) R/2 (assuming no volume change of water). The traction-separation relation is then
where the traction has a lower bound σ III = 2γ /L corresponding to b = 0. As shown in Fig. 8(e) , Eq. (18) agrees with the MD results reasonably well in Stage III with 1-2 nm separation. Again, as the separation increases further, the parallel ridges become unstable and break up into islands ( Fig. 10(b) ).
Bridging with water islands
In the last stage of the separation process, the parallel water ridges break up to form water islands, similar to the Rayleigh instability [60, 61] . While the water islands appear to be circular at the top interface, the morphology is more complicated in general (see Fig. 10(b), (d) and  (f) ). An approximate continuum analysis assuming an array of axisymmetric water islands on a continuous water film was performed [48] . However, under the constraint of the periodic box in MD simulations, no meaningful solution could be found for the cases considered in the present study (h 0 = 1-4 nm and L = 10 nm). A more sophisticated continuum analysis is necessary to capture the morphological evolution of the water bridging during this stage. Nevertheless, the results from the MD simulations (see Fig. 4 ) suggest that graphene is fully separated from the substrate soon after the formation of water islands.
Summary
MD simulations are conducted to study the tractionseparation behaviors for wet adhesion between graphene and a-SiO 2 . Three stages of the traction-separation relations are identified and they are analyzed approximately by simple continuum models. The work of separation (per unit area) is found to be close to the theoretical value (60.0 mJ/m 2 ) dictated by the interaction potential between graphene and water. The maximum traction is found to be set by the critical stress for cavitation at the water/graphene interface (around 90 MPa in the present study). With morphological evolution of water from cavitation to capillary bridging, the range of interaction extends to about 3 nm before complete separation of graphene. Compared to van der Waals interactions for dry adhesion between graphene and a-SiO 2 , the work of separation for wet adhesion is considerably smaller, the maximum traction is lower, but the range of interaction is longer. It is noted that the properties of wet adhesion depend sensitively on the graphene-water interactions, which may vary considerably between hydrophobic and hydrophilic interactions.
